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Abstract: An EMG-driven musculoskeletal model is implemented to estimate subject-specific 
musculoskeletal parameters such as the optimal physiological muscle length, the tendon slack length 
and the maximum isometric muscle force of flexor and extensor muscle groups crossing the wrist, as 
well as biomechanical indexes to quantify the muscle operating range, the stiffness of the 
musculotendon actuators, and the contribution of the muscle fibers to the joint moment. 
Twelve healthy subjects (11 males and 1 female, mean age 31.1 ± 8.7 years) were instructed to 
perform isometric maximum voluntary contractions of wrist flexors and extensors. Recorded EMGs 
were used as input to the model and the root mean square error (RMSE) between measured and 
predicted torque was minimised to estimate the subject-specific musculotendon parameters. The 
model was validated and the RMSE and the normalised RMSE calculated during estimation and 
validation phases are compared.  
Estimated subject-specific musculoskeletal parameters vary in a physiological range, while the 
biomechanical indexes are in agreement with previously published data. 
The proposed methodology proved to be effective for the in-vivo estimation of physiological 
parameters of the musculotendon complex and has potential as an investigative tool to distinguish 
aetiological differences among subjects affected by musculoskeletal disorders. 
 
 
 
 
 1 
Introduction 
Modelling the neuronal and mechanical elements underlying human movements can give 
helpful insight for the design of physiologically fine-tuned rehabilitation protocols for people 
affected by spinal cord injury, stroke, head injuries, as well as cerebral palsy and multiple 
sclerosis [1-2]. Neuromusculoskeletal modelling could be exploited as an investigative tool to 
discriminate between biomechanical and neural causes of musculoskeletal disorders or 
diseases affecting the nervous system. Indeed, pathological conditions could be inferred by 
analyzing deviations of specific indexes from normal values. This would provide additional 
insights into the dynamic interactions among the elements involved in the execution of motor 
tasks that would be difficult or even impossible to obtain from physiological studies alone 
[3]. Musculoskeletal models developed so far can be mainly categorized as inverse dynamic 
models and forward dynamic models [4-6]. There is yet another approach which merges the 
above two and can be used to calibrate and validate a musculoskeletal model: a hybrid 
forward and inverse dynamic model [4, 7]. 
In this paper, by using a hybrid approach, an EMG-driven musculoskeletal model of a one 
degree of freedom wrist joint was implemented and validated with the aim of estimating the 
biomechanical parameters of wrist flexors and extensors. EMGs and torques exerted in 
flexion/extension, recorded in healthy subjects during maximum voluntary contractions 
(MVCs) of selected wrist flexors and extensors, were used as input to the model in order to 
estimate in-vivo subject-dependent musculotendon parameters. The model was finally 
validated and values of indexes characterizing the biomechanics of contractions calculated. 
In the next section the model of the musculotendon unit and the equations used to mimic the 
anatomy of the wrist joint will be described together with the experiments performed and the 
procedure for parameter estimation. The equations adopted from other works are detailed 
herein together with those specifically related to the present work. Following that the values 
*Manuscript
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of the estimated parameters and the validation of the model will be described in the results 
section. Finally our findings are discussed and compared with data in the literature.  
 
Materials and methods 
Model Description 
The instantaneous total force, FMT, exerted by a musculotendon unit was calculated by means 
of a lumped Hill-type musculotendon model [8] as 
 (1) 
where t is time, q  is the angular position of the wrist, is the muscle force,  is 
the tendon unit force,  and  are respectively the normalised active and 
passive muscle force-length relationships,  is the normalised muscle force-velocity 
relationship,  is the maximum isometric muscle force and a(t) is the activation level (Fig. 
1). This was estimated from linear envelope processing of measured raw EMG signals as 
described below. Muscle and tendon were considered to be connected in series, while the 
pennation angle was disregarded for this joint [9]. Normalisations were applied according to 
the scaling approach adopted in [8]. Parameter values are listed in Table I. 
The EMG signal was related to muscle activation a(t) as in Buchanan et al. [5]. A normalised, 
rectified, filtered EMG, nrfEMG (t), was first transformed to the neural excitation u(t) by 
means of a first-order differential equation, that is  
, (2) 
where the constant b (0 < b < 1) was set as in Zajac [8] equal to  with tact 
and tdeact time constants defining the build-up in activation for excited or relaxed muscle. In 
particular, a relaxed muscle (u(t) = 0) activates more slowly than an excited one (u(t) = 1), 
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that is tact < tdeact. Then, u(t) was related to the muscle activation a(t) according to the 
following non-linear relationship  
 (3) 
where the constant A must be determined during the calibration process. 
The active muscle force-length relationship  was described as a normalised 
activation-dependent quadratic function of the normalised muscle length [5, 10], that is: 
. (4) 
 
It represents a parabolic curve normalised with respect to the maximum isometric muscle 
fibre force, , and function of the normalised muscle length  (i.e. 
), with  the optimal physiological muscle length. The maximum isometric 
muscle force, , is the force developed by a muscle when it is maximally stimulated at its 
optimal physiological length, . In turn,  varies with the level of activation a(t) 
according to the relationship [5] 
 (5) 
The term l defines the amount of optimal fibre length increase as the activation decreases. 
The factor k is related to a scaling factor d as  
The normalised passive muscle force-length relationship,  was described as [5] 
 (6) 
where  is normalised with respect to  and  is the muscle length 
normalised with respect to . 
The force-velocity relationship  normalised with respect to  was described by the 
relationship [10]  
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 (7) 
where, aa, bb, and cc are appropriate constants and  is the muscle velocity 
normalised with respect to the maximal contraction velocity  [8]. By 
this formula, both eccentric (i.e. lengthening) and concentric (i.e. shortening) contractions are 
taken into account. 
The normalised tendon force, , was modeled as in [5] 
 (8) 
where  was normalised with respect to . The tendon strain was defined as 
, where  is the tendon length and  is the tendon 
slack length, i.e. the length beyond which a tendon starts carrying load (i.e. ). 
The wrist angle was defined as zero with the hand in neutral position and positive (negative) 
as the wrist was flexed (extended). The instantaneous muscle length, , was given by 
[10-11] 
 (9) 
For numerical stability, the muscle mass, Mm [12-13] was added to the model and the tendon 
unit comprised a damper  connected in parallel to the spring  (Fig. 1). The 
musculotendon dynamics was thus governed by 
, (10) 
where  is the tendon force contribution due to the spring of the tendon unit and 
 is the viscous coefficient of the dashpot taken to be equal to 
. (11) 
Equation (11) ensured a physiological critically-damped second order behavior [14-15]. 
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Experiments 
The experimental protocol was approved by the Human Experimentation Safety Committee 
of the University of Southampton and informed consent was obtained from each subject. 
An instrumented armchair allowed seven pre-calibrated hand positions with the wrist angle in 
the range of +30° (flexion) to -30° (extension) with 10° intervals (Fig. 2). A CE approved 
Data Logger from MIE Medical Research Ltd. was used as a data acquisition system. The 
exerted torques were measured by a calibrated strain gauge load cell. All of the signals were 
sampled synchronously at 1000 Hz. A reference for aligning the wrist rotation axis was used. 
Twelve healthy subjects (mean age 31.1 ± 8.7 years) were instructed to perform three 
isometric flexion/extension MVCs at each position for 5 s, with 10 s rest between subsequent 
contractions. In total, 14 measurements were recorded for each subject. As Fig. 2 shows, the 
hand was in neutral orientation, while the forearm, arm (vertical), and elbow (flexed at 90°), 
were constrained. The shoulder was comfortably positioned. For the flexors, surface EMG 
electrodes were properly positioned equidistant from the motor point of Flexor Carpi Ulnaris 
(FCU), Flexor Carpi Radialis (FCR) and Flexor Digitorum Superficialis (FDS). For the 
extensors, EMG electrodes were positioned close to the motor point of extensor carpi radialis 
longus (ECRL). Thus, one EMG signal for flexion and one for extension were simultaneously 
recorded. 
In what follows, the word ‘flexors’ means FCU, FCR and FDS lumped together, unless 
otherwise stated, while the word ‘extensors’ is used as a synonym of ECRL. 
 
Parameter Estimation 
The musculoskeletal parameters to be estimated were: the optimal physiological muscle 
length, ; the maximum isometric muscle force, ; the tendon slack length, ; the 
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coefficient A; the moment arm, MA(q); the musculotendon length change, . The 
latter two parameters were allowed a 10% variation with respect to values obtained from [11] 
in order to take into account possible inaccuracies in the determination of the wrist angle. The 
coefficient A was constrained between -3 and 0 [5]. The remaining parameters were 
constrained to vary in physiologically meaningful ranges. In particular,  and  were 
constrained between 20 and 2000 N and 10 and 40 cm, respectively. For  the lower bound 
was equal to 1 cm for both flexors and extensors, while the upper bound was equal to 10 cm 
for the flexors and no upper bound was set for the extensors. 
Having constructed the model, the EMGs were used as input, while the predicted joint 
moments were compared to the measured moments exerted by the hand. The calculated root 
mean square error (RMSE) between the predicted and measured joint moments was used as 
the objective function to be minimized for the estimation of the six parameters. The 
optimization algorithm employed a gradient descent approach based on a Hessian (i.e. the 
second derivatives of the Lagrangian) and was implemented by using the Matlab function 
fmincon, which finds the minimum of constrained nonlinear multivariable function. Values in 
[16] were used as initial estimates of the corresponding parameters during the optimization 
process. The normalised RMSE (NRMSE) was also calculated as the ratio of RMSE to the 
maximum value of the measured torque in the same trial. 
The great majority of the EMG measurements showed high firing level at rest (up to half of 
its range) when no contraction occurred. In order not to obtain a biased estimate, the 
parameters were estimated by exclusively using data corresponding to the contraction phases, 
while some values of the envelope EMG were used as a threshold to distinguish rest from 
contraction phases: EMG values above the threshold implied muscle contraction. The 
threshold was set according to a selected value of the gradient with respect to time of the 
envelope EMG (which varies between 0 and 1). In particular, a difference of 0.2 between two 
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EMG values separated by 400 samples on the ascending part of the data was used to identify 
the instants at which a contraction could be considered as begun, while a difference of 0.04 
between two EMG values separated by 400 samples on the descending part of the same data 
was used to identify the instants at which a contraction could be considered as terminated. 
It should be noted that 6 out of 7 measurements recorded for each subject and each muscle 
group were used for the estimation process. Measurements at 0° were only used during the 
validation process 
It should be noted that the validation of the estimated parameters was carried out with 
measurements at 0°, while the measurements recorded for each subject and each muscle 
group at the remaining six positions were used for the estimation process. Co-contractions 
were disregarded whenever recorded. 
It should be noted that the validation of the estimated parameters at 0° is shown hereafter, 
while a leave-one-out cross-validation (LOOCV) was carried out to assess how the estimation 
results can generalise to an independent input data set. Regarding the LOOCV, for each 
subject, the parameters in a prescribed position, calculated by averaging the estimated values 
in correspondence of the remaining six wrist angles, were used as input to the model to 
compute the torque. The procedure was repeated alternatively for each position and the 
RMSE and NRMSE values were calculated every time. 
Finally, a sensitivity index (SI) was calculated to assess the influence of the estimated 
parameters on RMSE. The SI was calculated as in Eq. (12): 
. (12) 
For each subject, each parameter was varied by ±5% (ΔP) with respect to the estimated value 
(P) and the RMSE variation (ΔRMSE) computed. 
Co-contractions were disregarded whenever recorded. 
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Results 
Estimated Parameters 
Data from three subjects for flexors and two subjects for extensors were neglected since they 
did not show any significant variation of the EMG signal between phases at rest and during 
contraction.  
Table II compares estimated values of , , and  (average ± standard deviation (SD) 
over six positions in the range [-30°,...,+30°] without measurements at 0° for all of the 
subjects) with values of the corresponding parameters as listed in [9, 16]. Ranges for the 
same values are also listed in Table II. Note that Garner and Pandy [9] and Holzbaur et al. 
[16] refer to, review and report a wide range of values. The average values of MA are shown 
later in Fig. 5, while the values of the two remaining parameters , and A are not listed 
here for the sake of brevity. 
With regard to the outcome of the SI analysis, it was found that changes in RMSE were the 
highest for changes in  and MA, i.e. SI values were the highest for these two parameters 
and equal respectively to 2.58 (±1.39) and 2.47 (±1.56). The SI values of the remaining 
parameters , DLMT, A and  were equal to 0.28 (±0.24), 0.17 (±0.17), 0.09 (±0.15) and 
0.08 (±0.05), respectively. 
 
Model Validation 
During validation both the estimated parameters and the EMGs recorded with the hand at 0° 
were used as input to the model. The predicted joint moments were compared to those 
measured at the same position. Fig. 3 shows one example which was selected since its RMSE 
and NRMSE values were representative of the average of the same quantities (Table II). 
When calculating the error, the predicted torque was assumed to equal the measured torque 
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when at rest, so that only model errors during the contraction phase contribute to the RMSE. 
This ensured consistency of the RMSE and NRMSE calculation during both estimation and 
validation. The average (±SD) RMSE and NRSME values calculated over all of the subjects 
during estimation (over six positions in the range [-30°,...,+30°]) and validation (at 0°) are 
listed in Table II. The same table contains the results for LOOCV. 
Fig. 4 shows a comparison between predicted and measured maximum moments averaged 
over all of the subjects together with values from [9, 17-18]. The highest individual measured 
(Mmeas) and predicted, (Mpred) moments as well as the highest overall measured (M
TOT
meas) and 
predicted (M
TOT
pred) moments for both flexors and extensors are listed in Table II. It should be 
noted that during flexor experiments the majority of the highest peaks occurred mainly when 
the wrist was in extension, while during extensor experiments they mainly occurred when the 
wrist was in flexion. 
In Fig. 5 average values of MA together with average estimated forces at each position for 
both flexors and extensors are shown. The MA curves refer to the average MA values 
estimated at each position for all of the subjects. In the same figure, the curves labelled 
Estimated Force I and II were respectively calculated as the ratio of the average moments of 
the predicted and measured torques to the average estimated MA values. The highest average 
values of the estimated forces, FEST I and FEST II, are listed in Table II. As for the moments, the 
wrist positions with the highest peaks were mainly found in extension during flexor 
experiments and in flexion during extensor experiments. 
Fig. 6 shows the mean operating range of flexors and extensors on the isometric normalised 
force-length curve. The two diamond markers on the figure enclose the average operating 
range of wrist flexors, while the two triangle markers define the operating range of wrist 
extensors. Both the ranges were calculated by averaging the extreme values computed for 
each subject in the whole range of motion (±30°). The operating ranges of FCU, FCR and 
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ECRL muscles as reported in Loren et al. [19] and Gonzalez et al. [18] were adapted and are 
shown on the same figure for comparison. 
Two indexes were also calculated [7] (Table II). The first index is the ratio of the tendon 
slack length to the optimal muscle length, LTS/LoM. This index relates to the stiffness of the 
wrist flexion/extension musculotendon actuators being smaller for stiffer actuators [8]. The 
second index is the ratio of the optimal muscle length to the average moment arm, LoM/MAave: 
if its value increases, both the muscle excursion and the muscle contribution to the joint 
moment decrease, while the influence of MA increases [20]. 
 
Discussion 
This one degree of freedom model of the wrist joint involves simplifications. First, it is based 
on the assumption that flexors act as a lumped muscle group and no distinction is made 
between the various flexors involved in wrist flexion. Regarding the extensors, only the 
ECRL contribution is taken into account and extension is ascribed to this latter muscle only. 
This certainly biases the results which could be improved by acquiring more EMGs, thus 
allowing contributions from other muscles during MVCs to be discriminated. Fig. 3A is 
representative of such a situation: even though the magnitude of the envelope EMG is similar 
for each contraction, the measured torque of the first contraction is larger than the torque for 
the other two and the predicted torque does not predict it well. Furthermore, the level of co-
contraction of the antagonists could be taken into account as well. Secondly, no bone surface 
geometry, joint kinematics or muscle path geometry is considered. To overcome this 
limitation, scaled three-dimensional models provided by commercially available software 
such as SIMM (MusculoGraphics Inc., Chicago, USA) or AnyBody (AnyBody Technology, 
Aalborg, Denmark) could be used. Additionally, a newer approach worth mentioning is an 
image-based musculoskeletal modeling technique to obtain a detailed description of 
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musculoskeletal dynamics, complex muscle architecture, joint kinematics and muscle MAs as 
well as muscle tissue deformation in presence of disease [21]. Having said this, the simple 
model still predicts the output torques reasonably well and the choice of a more complex 
model should be considered carefully bearing in mind the number and accuracy of measured 
input variables that might be available. Lastly, the model was validated using healthy subjects 
only. Future work will include the use of the model with data gathered from patients affected 
by sensory-motor interaction diseases (e.g. stroke patients) so that it will be possible to verify 
whether the present approach can detect changes occurring in the musculoskeletal system. 
With regard to the results, the values in Table II show that the average estimates of ,  
and  are consistent with physiological values as reported in [9, 16], with  for extensors 
the only overestimated parameter. This might be explained by considering that the total 
torque exerted during extension experiments was ascribed to ECRL only. Among the three 
parameters,  is seen to be the least sensitive and different optimization algorithms could 
be tested to improve the parameter identification process. Furthermore, it must be reported 
that the upper bound of  for the flexors was frequently reached.  Besides, once the 
estimated parameters were used as input to the model, the simulated torque closely follows 
the measured one (Fig. 3) with values of RMSE and NRMSE comparable to those found 
during the estimation phase at 0°. Moreover, the values regarding LOOCV present a similar 
outcome (Table II). 
Fig. 4A shows a shallower trend with regard to the flexor moment variability when compared 
to data from [16-19]. In the works from [16-18] flexor moment peaks were mainly located in 
the flexed region, while in Garner and Pandy [9] the highest peak was located at 0°. In the 
present study the highest values were found in extended positions as also reported in [19] and 
in [22]. With regard to the extensors, Fig. 4B shows that torques were lower than flexor 
torques, as generally found in the literature. The measured highest peak was recorded at a 
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slightly flexed position (+10°), which contrasts with findings in [16-19] where peaks were 
mainly located in the extension region. However, measurements in Garner and Pandy [9] 
were similar to those of the present work with the highest peaks occurring in flexion. 
Nevertheless, it is worth noting the agreement between the measured and the predicted 
results. 
As Fig. 5 shows, the trend of the force curves contrasts that of the MAs: as force increases 
(decreases), the MA decreases (increases). A comparison between Fig. 5A and Fig. 5B shows 
that estimated flexor forces are on average smaller than estimated extensor forces, even 
though flexor moments were higher than the extensor ones. This might be explained by 
looking at Fig. 6 and considering the values of the ratios LTS/LoM and LoM/MAave. Fig. 6 shows 
that flexors are found to operate mainly on the ascending limb of the normalised force-length 
relationship with larger muscle length change than extensors which, instead, were 
characterized by a narrower range of motion at the top of the same curve. This behavior is 
consistent with values of the two ratio indexes. Indeed, a smaller value of LTS/LoM for 
extensors indicates stiffer musculotendon actuators with smaller muscle excursion 
predominantly located in the upper part of the ascending limb, hence higher forces, as also 
found in [8, 19]. At the same time, extensors are also characterized by a larger LoM/MAave 
ratio [18-19]. As a consequence, a major role in the joint moment is played by the MAs more 
than muscle forces: even though extensors are characterized by larger forces than flexors, 
extensor torques are smaller because of the smaller values of MA. Fig. 6 also confirms 
findings in [18-19], even though in these works FCU was found to operate also at shorter 
lengths, while the range of motion of FCR in [18] was located on the plateau region of the 
force-length relationship. However, it must be emphasized that the results shown herein refer 
to FCU, FCR and FDS lumped together and the range of motion used during the experiments 
was smaller than the ones in the two cited works. With regard to the range of motion of 
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ECRL, its location at the top of the curve, which corresponds to slightly longer muscle 
lengths, confirms results in [18-19]. 
As a final comment, it has been shown [23] that, from a bottom-up perspective, the muscle 
mechanics plays an essential role in simplifying the problem of neuromuscular control as 
seen from the central nervous system, especially when lower limbs are concerned. In this 
framework, the present approach could be exploited to relate muscle mechanics and 
neuromuscular control or as a diagnostic tool to characterise the mechanics of targeted 
musculotendon units of the upper limbs for people affected by muscle disorders. 
 
Conclusion 
The present model has potential as an in vivo method to estimate musculotendon parameters. 
In particular, it was found that: the values of the estimated parameters varied in a range 
(Table II) consistent with physiological measurements; the model is able to simulate the 
measured torques with values of RMSE and NRMSE comparable to those calculated during 
the estimation phase (Table II and Fig. 3); the range of motion of the muscle fibers as well as 
the influence of tendon elasticity and MAs are consistent with findings in the literature (Table 
II and Fig. 6). 
The simple one degree of freedom model has some limitations. Despite these, or if improved 
models were developed, the present approach could be used in conjunction with models of 
neurophysiologic pathways as a benchmark for characterizing biomechanical parameters of 
the musculotendon system with the aim of identifying deviations from normality in presence 
of neuromuscular pathologies. 
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Tables 
TABLE 1 – MODEL PARAMETERS (SEE TEXT FOR DETAILS) 
 Value 
tact 0.05 [s] 
tdeact 0.08 [s] 
d 0.56 
k -1/d
2
 
l 
0.15 
aa 1.5 
bb 8 
cc 0.0866 
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TABLE 2 – ESTIMATED PARAMETERS 
 Flexors 
 Bounds Estimated Holzbaur et al. [16] Garner and Pandy [9] 
 Min/Max Ave±σ   
LoM [cm] 1/10 5.99/9.96 8.51 ± 1.14 6.65
a 
4.54
a 
FoM [N] 20/2000 340/899 547± 126
 
429.5
b 
929.63
b 
LTS [cm] 10/40 19.5/25.7 22.2 ± 0.03 22.4
a 
26.8
a 
A -3/0 -2.11/0 -0.56 ± 0.52   
ΔLMT [cm] 10% of values in [11] -2.24/-1.17 -2.00 ± 0.72   
MA [cm] 10% of values in [11] 1.65/1.98 1.80 ± 0.15   
 Extensors 
LoM [cm] 1/Inf 7.74/11.9
 
9.14 ± 2.50 8.1
 
8.96 
FoM [N] 20/2000 341/1033
 
664 ± 179
 
304.9
 
268.42
 
LTS [cm] 10/40 22.1/22.3
 
22.2 ± 0.03 22.4 26.8
 
A -3/0 -0.51/0 -0.11 ± 0.11    
ΔLMT [cm] 10% of values in [11] -1.49/-1.38 -1.45 ± 0.42   
MA [cm] 10% of values in [11] 0.93/1.02 0.99 ± 0.15   
a
Average of values in [9, 16] for FCU, FCR and FDS. 
b
Sum of values in [9, 16] for FCU, FCR and FDS. Since 
the flexor electrodes were positioned equidistant from the FCU, FCR and FDS motor points, it was assumed that 
the recorded EMG represented the summative signal coming from these three muscles.  
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TABLE 3 – RMSE AND NRMSE VALUES 
 Flexors 
 Estimation Validation 
 Min/Max Ave±σ Ave±σ Min-Max 
RMSE [N]* 0.35/1.30 0.74 ± 0.17
 
0.90 ± 0.48
 
0.44-1.80 
NRMSE [%]* 4.71/12.49 8.76 ± 1.66
 
10.36 ± 0.04
 
6.12-17.07 
RMSE [N]**   0.94 ± 0.41
 
0.51-1.63 
NRMSE [%]**   11.94 ± 9.21
 
7.26-23.15 
 Extensors 
RMSE [N]* 0.16/0.56 0.39 ± 0.08 0.49 ± 0.15 0.23-0.70 
NRMSE [%]* 4.68/8.24 6.51 ± 1.01 7.80 ± 1.83 5.40-11.32 
RMSE [N]**   0.58 ± 0.32 0.27-0.85 
NRMSE [%]**   9.97 ± 5.51 8.03-14.45 
*Validation carried out at 0°. **Leave-one-out cross-validation. 
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TABLE 4 – MOMENTS, ESTIMATED FORCES AND INDEXES (LTS/LOM AND LOM /MAAVE) 
 Flexors Extensors 
 Min Max Min Max 
Mmeas
†
 [Nm] 6.25 15.95 2.71 10.96 
Mpred
†
 [Nm] 5.72 14.73 3.61 11.51 
M
TOT
meas
††
 [Nm] 9.13 ± 1.14 6.38 ± 1.10 
M
TOT
pred
‡‡
 [Nm] 8.67 ± 0.73 6.43 ± 1.08 
FEST I [N] 454.54 697.49 
FEST II [N] 558.75 682.83 
 Min Ave±σ Max Min Ave±σ Max 
LTS/LoM 2.55 2.94 ± 0.53
 
4.06 1.87 2.47± 0.32
 
2.87 
LoM /MAave
# 3.37 4.69 ± 0.79
 
5.87 7.66 9.18± 1.23 11.66 
†
Occurred between -30° and +30°. 
††
Average over nine subjects. 
‡‡
Average over ten subjects. 
#MAave was 
calculated by averaging the moment arms for each subject across the range of motion. 
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Figure Captions 
 
Figure Captions 
 
Fig. 1.  Schematic representation of the neuromusculoskeletal model. Recorded EMGs 
determine the muscle activation level, which contributes to generate muscle and tendon force 
as well as joint moments once coupled with a model of the limb anatomy. 
 
Fig. 2.  Test. For flexors, the EMG electrodes were placed on a line from the medial 
epicondyle of the elbow to the radial styloid process (base of the thumb), one third distal of 
the medial epicondyle. For extensors, they were placed on a line from the lateral epicondyle 
of the elbow to the 2
nd
 metacarpal, 5-7cm distal of the lateral epicondyle. 
 
Fig. 3.  Validation at 0° for Subject 12. A) Flexors; B) Extensors. Torques: calculated (dot-
dash) and measured (thick). Linear Envelope EMGs: agonists (dot) and antagonists (dash). 
EMGs of flexors and extensors were used as input to the model in A and B, respectively. The 
EMGs of the antagonists are plotted for convenience only and were not involved at this stage 
of the work. EMG values are normalised as specified in the text and vary between 0 and 1. 
 
Fig. 4.  Torques vs. wrist joint angles: A) Flexors; B) Extensors. Solid lines represent average 
(±SD) maximum isometric measured and calculated moments in the present study. Each 
point is the average over nine and ten subjects for flexors and extensors, respectively. The 
largest moments occurred at -30° (A) and +10° (B).  The wrist as modelled in the work from 
Gonzalez et al. [18] reproduced recorded data as reported in [17], while the wrist as modelled 
in [9] was compared to measurements carried out during the same study. Measured values 
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from [17] were averaged over ten subjects. Measured values from [9] were averaged over 
three subjects. Flexion angles are positive, extension angles are negative. 
 
Fig. 5.  Average maximum calculated force and MAs vs. wrist joint angle: A) Flexors; B) 
Extensors. Averages calculated over nine and ten subjects, respectively. The highest forces 
occurred at -30° (A) and +30° (B). Flexion angles are positive, extension angles are negative. 
 
Fig. 6.  Continuous line: normalised force-length relationship of muscles. Diamond markers: 
average operating range of wrist flexors. Triangle markers: average operating range of wrist 
extensors. Dotted lines: operating range of FCU and ECRL in [18]. Dashed lines: operating 
range of FCU and ECRL in [19]. 
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